Maternal food restriction (MFR) during pregnancy affects pulmonary surfactant production in the intrauterine growth-restricted (IUGR) offspring through unknown mechanisms. Since pulmonary surfactant production is regulated by maternal and fetal corticosteroid levels, both known to be increased in IUGR pregnancies, we hypothesized that metyrapone (MTP), a glucocorticoid synthesis inhibitor, would block the effects of MFR on surfactant production in the offspring. Three groups of pregnant rat dams were used (1) control dams fed ad libitum; (2) MFR (50% reduction in calories) from days 10 to 22 of gestation; and (3) MFR þ MTP in drinking water (0.5 mg/mL), days 11 to 22 of gestation. At 5 months, the MFR offspring weighed significantly more, had reduced alveolar number, increased septal thickness, and decreased surfactant protein and phospholipid synthesis. These MFR-induced effects were normalized by the antiglucocorticoid MTP, suggesting that the stress of MFR causes hypercorticoidism, altering lung structure and function in adulthood.
Introduction
''Fetal programming'' and the consequent ''fetal origins of adult diseases'' have been studied extensively in many species. 1, 2 However, there is only limited information regarding the pulmonary outcomes in offspring following intrauterine growth restriction (IUGR). In general, there is a strong correlation between early growth rates and later altered lung function and pulmonary morbidity. 3, 4 These pulmonary effects have been grossly attributed to either hypoxia or nutrient restriction during early life. However, the underlying cell-molecular mechanisms that cause these pathophysiologic changes remain unknown.
More recently, it has become apparent that perinatal nutrient restriction constitutively upregulates the fetal hypothalamicpituitary-adrenal axis, 5 disrupting the normal mechanisms that determine fetal development and homeostasis, 6 resulting in adult diseases such as obesity, diabetes, hypertension, and chronic lung disease. We speculated that such a chronic hypercorticoid state would specifically disrupt normal lung development, given the physiologic importance of glucocorticoids in this process, consistent with data for the effects of IUGR, 7 fetal stress, 8 and the effects of exogenous glucocorticoid treatment in the developing lung. 9 In our previously published work, we have shown that maternal food restriction (MFR) specifically disrupts the paracrine cross-talk between the lung epithelium and the mesenchyme mediated by parathyroid hormone-related protein (PTHrP) and peroxisome proliferator-activated receptor g (PPARg), respectively, that is necessary for normal lung development, [10] [11] [12] particularly the synthesis of lipids for surfactant production. Alveolar epithelially derived PTHrP acts on its receptor on the mesenchyme, stimulating PPARg signaling in the adjoining lipofibroblasts, which in turn via paracrine signaling acts on alveolar type II cells to stimulate surfactant synthesis (phospholipid and protein). 12 Using the same animal model of MFR, we hypothesized that the resultant excess glucocorticoid activity would affect the offspring adult lung, and that this effect could be blocked by preventing the MFR-induced hypercorticoid state. Therefore, in this study, in addition to determining the effect of MFR on lung morphometry, its effect on surfactant synthesis was determined.
Materials and Methods

Rat Model of MFR
All studies were approved by the Animal Research Committee of the Los Angeles Biomedical Research Institute at Harbor-UCLA Medical Center and are in accordance with the American Association for the Accreditation of Laboratory Animal Care and National Institutes of Health guidelines. First-time pregnant Sprague Dawley rat dams (Charles River Laboratories, Inc, Hollister, California) were housed in a facility with constant temperature and humidity and on a controlled 12-hour light-12-hour dark cycle. We utilized a previously described model of rat dam 50% food restriction during pregnancy with slight modifications. 10, 11, 13 Briefly, at 10 days of gestation, dams were provided either an ad libitum diet of standard laboratory chow (LabDiet 5001;PMI, Brentwood, Missouri: protein 23%, fat 4.5%, and metabolizable energy ¼ 3030 kcal/kg; control group) or a 50% food-restricted diet (MFR group), as determined by the quantification of the normal intake in the ad libitum fed rats with or without exposure to the endogenous glucocorticoid synthesis inhibitor metyrapone (MTP; Sigma-Aldrich, St Louis, Missouri) in the drinking water (0.5 mg/mL) from day 11 of gestation to delivery (*day 22). This dosing regimen of MTP has been used effectively in many previous studies. 14, 15 At day 1 after birth, the litters were separated by gender, and the body weights of individual pups were recorded. To avoid any undue bias toward selecting heavier or lighter pups, the median body weight per litter per gender was determined, and the 4 females closest to the median body weight for the litter were selected for the study; we chose to focus on only 1 gender (females), since there is a well-known gender effect on lung development. 16, 17 Following delivery, all dams were allowed ad libitum feeds, and the pups were allowed to breast feed ad libitum. In order to eliminate the artifactual effect of MFR on lactation, offspring from both food restricted and control dams were cross-fostered to rat dams fed ad libitum during pregnancy. At postnatal day 21, all offspring were weaned to an ad libitum diet and housed individually. Animals were sacrificed, and lungs collected for further processing at 5 months of age (5M). It is important to point out that water intake was similar in the 3 groups throughout the study period.
Tissue Preparation
Rat lungs were inflated in situ with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) at a standard inflation pressure of 20 cm of H 2 O. The trachea was ligated, and the lungs were removed and placed in 4% PFA for approximately 4 hours at 4 C. The lungs were subsequently transferred to PBS containing 30% sucrose (w/v) until equilibrated (4 C). The lung tissue was either paraffin embedded or frozen in Optimal Cutting Temperature compound (Sakura Finetek, Torrance, California). Frozen sections were cut at 8 mm thickness, and paraffinembedded sections were cut at 5 mm thickness. Hematoxylin and eosin staining was used to determine the lung morphology.
Lung Morphology
An investigator unaware of the treatment group for each animal sample performed lung morphometry, which was objectively assessed by determining the alveolar count, mean linear intercept, and alveolar septal thickness. For alveolar count determination, 50 randomly selected nonoverlapping fields from sections obtained from similar regions of each lung from each treatment group were examined (12 blocks/ condition and 2 blocks/animal.) Each field was viewed at 200-fold magnification, scanned with a digital camera, and projected onto a video monitor. For each field, the number of alveoli was counted visually and expressed per mm 2 . Mean linear intercept was determined as previously described using the intersection counting method. 18 Septal thickness was analyzed with AxioVision image analysis software (Carl Zeiss Microimaging Inc, Thornwood, New York). In brief, slides were examined at 100-fold magnification, and the septal thicknesses of at least 50 alveoli for each section were measured by drawing a straight line crossing the whole width of the septum perpendicular to its course. At least 2 sections from each pup were used, and the average septal thickness was then calculated for each treatment group.
Choline Incorporation into Disaturated Phosphatidylcholine Assay
[Methyl-3 H]-choline chloride (NEN Dupont) incorporation into disaturated phosphatidylcholine (DSPC), which is the major surface-active lipid component of surfactant responsible for maintaining the stability of the alveoli, was determined in cultured explants as described previously. 19 Briefly, freshly isolated lung explant cultures in Waymouth's medium in 6-well plates were incubated with 1 mCi/mL of [methyl-3 H]choline chloride for 4 hours. After incubation, explants were washed 3 times with ice-cold PBS. The explants were thoroughly homogenized, and the lung lipids were extracted with chloroform and methanol (2:1, vol/vol). The organic phase was dried under a stream of nitrogen at 60 C, resuspended in 0.5 mL of carbon tetrachloride containing 3.5 mg of osmium tetroxide, and left at room temperature for 15 minutes. The reaction mixture was redried under nitrogen and resuspended in 70 mL of chloroform/methanol (9:1, vol/vol). The lipid extracts were transferred to Silica Gel plates (Kodak, Rochester, New York) and developed in a chloroform-methanol-water (65:25:4, vol/vol) solvent system. Pure dipalmitoyl phosphatidylcholine was used as the chromatographic standard. The developed plates were stained with bromothymol blue, blotted, and vacuum dried for 5 minutes at 90 C. Chromatogram spots corresponding to the migration of saturated phosphatidylcholine were scraped from the plates, and their radioactive contents were determined by liquid scintillation spectrometry. The amounts of [methyl-3 H]-choline chloride incorporated into saturated phosphatidylcholine were expressed as disintegrations per minute (dpm) per mg protein per 6 hours.
Triglyceride Uptake Assay
Triolein uptake, a key marker of alveolar lipofibroblast function, was used to quantitate triglyceride uptake by fetal rat lung explants using previously described method. 19 Briefly, culture medium was replaced with Dulbecco Modified Eagle Medium containing 20% adult rat serum mixed with [ 3 H]triolein (5 mCi/mL). The explants were incubated at 37 C in 5% CO 2 -air balance for 4 hours. At the termination of the incubation, the medium was decanted, the explants were rinsed twice with 1 mL of ice-cold PBS, and the tissue was thoroughly homogenized. An aliquot of the tissue homogenate was taken for protein assay, and the remaining tissue homogenate was extracted to determine its neutral lipid content.
Plasma Corticosterone Assay
Plasma corticosterone was determined by radioimmunoassay using a commercial kit (Diagnostic Products Corp, Los Angeles, California). Sensitivity at 90% intercept was 8 ng/mL. Intra-and interassay coefficients of variation were 4% and 6%, respectively.
Protein Expression by Western Blotting
Western blotting was performed according to the previously described methods. 19 The specific primary antibodies used included PPARg (1:2,000; Alexis Biochemicals, San Diego, Calfiornia), surfactant protein B (SP-B) and SP-C (1:2,000 each; Chemicon, Temecula, Calfiornia), cholinephosphate cytidylyltransferase a (CCT-a, 1:2,000; a kind gift from Dr Mallampalli, University of Iowa, Iowa), 11-b-hydroxysteroid dehydrogenase (11b-HSD) 1 and -HSD2 (1:200 each, Santa Cruz, Calfiornia), and glucocorticoid receptor (1:500, Santa Cruz).
Real Time Reverse-Transcriptase Polymerase Chain Reaction
In brief, samples were collected, treated with RNA Later preservative (Ambion/Applied Biosystems, Foster City, California), and total RNA was isolated using the RNAqueous-4PCR kit (Ambion). RNA was DNase-treated and quantitated by light absorbance using a nanodrop spectrophotometer (Nanodrop Instruments, Wilmington, Delaware). Integrity of RNA was assessed from the visual appearance of the ethidium bromide-stained ribosomal bands following fractionation on a 1.2% (wt/vol) agarose-formaldehyde gel and quantitated by light absorbance at 260 nm. Total RNA of 1 mg was reverse transcribed into single-stranded complementary DNA (cDNA) using the TaqMan Gold reverse-transcriptase polymerase chain reation (RT-PCR) kit at 50 C for 30 minutes in a total volume of 20 mL. The PCR reaction mix consisted of 1 mL of 10-fold diluted cDNA, PCR Gold DNA polymerase reagent mix, and optimized for forward and reverse gene-specific primers (900 nmol/L each) with a gene-specific probe (250 nmol/L, FAM dye label). All primer and probe sets were purchased predesigned or, if needed, were custom designed TaqMan Gene Expression Assays (Applied Biosystems). Real-time PCR reactions were run in triplicate on 384-well plates using an ABI PRISM 7900 HT Sequence Detection System (Applied Biosystems). Reactions proceeded by activation of DNA polymerase at 95 C for 10 minutes, followed by 38 PCR denaturing cycles at 95 C for 15 seconds, and annealing/extension at 60 C for 1 minute. Data were normalized to 18S ribosomal RNA using the RNA TaqMan Gene Expression Assay. Data were analyzed to select a threshold level of fluorescence that was in the linear phase for PCR product accumulation (the threshold cycle [C T ] for that reaction). The C T value for 18S was subtracted from the C T value for the gene of interest to obtain a delta C T (DCT) value. The relative fold change for each gene was calculated using the DDCT method. 20 Results were expressed as the mean + standard error and considered significant at P < .05. The RT-PCR probes used included-Rat PPARg: F-5 0 -CCAAGT GACTCTGCTCAAGTATGG-3 0 and R-5 0 CATGAATCCT TGTCCCTCTGATATG-3 0 (106 bp); aP2: F-5 0 -TGAAATCAC CCCAGATGACA-3 0 and R-5 0 -TCACGCCTTTCATGACACA T-3 0 (155 bp); rat CCT-a: F-5 0 -CTTTTCATCCCTGTTC CCTCTCT-3 0 and R-5 0 CCTTAGGTTTAGTGTTGGGATCAC A-3 0 (92 bp); sterol regulatory element-binding protein 1c (SREBP1c): F-5 0 -GTGGTCTTCCAGAGGCTGAG-3 0 and F-5 0 -GGGTGAGAGCCTTGAGACAG-3 0 (178 bp); rat CCT-a: F-5 0 -CTTTTCATCCCTGTTCCCTCTCT-3 0 and 3 0 -CATGGCC TTGTCAATGGAAC; and rat 18s: 5 0 TTAAGCCATGCATGT CTAAGTAC and 3 0 -TGTTATTTTTCGTCACTACCTCC.
Statistics
Experimental data were analyzed using 2-way analysis of variance, and as indicated, followed by Tukey post hoc test. A P value of <.05 was considered to indicate statistically significant differences between the experimental and the control groups. Results are expressed as mean + standard error of the mean (SEM). A minimum of 4 animals/group, taken from 4 separate litters, was used for data analysis.
Results
In line with our previously reported data using this model (10, 11) , at postnatal day 1, MFR pups weighed significantly less than control pups (5.8 + 0.5 g, MFR, vs 6.8 + 0.5 g, control); P < .05), but this difference was normalized with MTP supplementation (6.6 + 0.7 g; P > .05 vs control group, Figure 1A) . Offspring body weights were significantly increased in MFR offspring at 5 months of age, an effect that was partially normalized by the administration of MTP (516 + 15.2 g vs 580 + 9.5 g vs 550 + 9.0, control vs MFR vs MFR þ MTP, mean + SEM, P < .05, MFR vs control, but P > .05, MTP vs control; Figure 1B ). At 5 months of age, lung structure was significantly affected by MFR, as indicated by a 32% + 12% decrease in alveolar number and 30% + 6% increase in mean linear intercept, accompanied by a 38 + 14% increase in septal thickness (P < .05, MFR vs control for both), which ; N ¼ 4) . These data were corroborated by immunostaining (B, magnification Â20; N ¼ 4). De novo surfactant phospholipid synthesis based on choline incorporation into saturated phosphatidylcholine was inhibited by 25% + 8%, and triolein uptake was inhibited by 15% + 5%, both of which were also normalized by MTP (C, N ¼ 5). Consistent with the effect of MFR on surfactant phospholipid synthesis, it also downregulated CCT-a protein levels, the rate-limiting step in this pathway, an effect that was normalized by MTP (D, N ¼ 4). *P < .05 versus control group and # P < .05 versus MFR group.
were normalized by MTP treatment (P > .05, MTP vs control; Figure 2 ). As for the effect of MFR on glucocorticoids and their mechanism of action, it significantly increased the plasma corticosterone level in the e20 dams, an effect that was normalized by MTP (207 + 97 versus 451 + 142 versus 140 + 89 ng/mL, control vs MFR vs MFR þ MTP, mean + SEM, P < .05, Figure 3A ). This effect was accompanied by an increase in lung glucocorticoid receptor expression at 5M, which was normalized by MTP treatment (P < .05, Figure 3B ). The MFR-stimulated 11b-HSD1 and 2 protein expression at 5M (P < .05, MFR vs control), which was normalized by MTP (P > .05, MTP vs control), confirmed by both Western blotting on protein lysates from the whole lung ( Figure 3C ) and immunohistochemistry on lung tissue sections stained with anti-11b-HSD1 and 2 antibodies ( Figure 3D ). Predominant 11b-HSD1 and 2 staining in the corners of the alveoli suggest their predominant localization to alveolar type II cells.
Lung SP-B expression was inhibited 30% + 6%, and SP-C expression was inhibited 20% + 9% by MFR (P < .05, MFR vs control for both), which were also normalized by MTP (P > .05, MTP vs control; Figure 4A and B). De novo surfactant phospholipid synthesis based on choline incorporation into DSPC was inhibited by 25% + 8%, and triolein uptake was inhibited by 15% + 5% (P < .05, MFR vs control for both), which were normalized by MTP (P > .05, MTP vs control; Figure 4C ). Consistent with the effect of MFR on surfactant phospholipid synthesis, it also downregulated CCT-a protein levels (P < .05, Figure 4D ), the rate-limiting enzyme in this pathway, an effect that was also normalized by MTP. Turning to the effects of MFR on lung lipid-programming genes, MFR inhibited aP2 at 5M, which was normalized by MTP, but increased the expression of PPARg and SREBP1c; MTP tended to normalize the MFR effect on SREBP mRNA expression but failed to affect PPARg expression (P < .05, Figure 5 ).
Discussion
Maternal food restriction during pregnancy is physiologically stressful, [21] [22] [23] causing stimulation of adrenocortical activity, including the production of corticosteroids. In general, this resulted in altered lung structure in the female offspring (males were not examined in this study) at 5M in association with glucocorticoid activation by 11b-HSD1 and 2 and increased glucocorticoid receptor protein. The MFR offspring had significantly decreased alveolar numbers and increased septal thickening. These changes in lung structure were associated with decreased SP levels and phospholipid synthesis. Importantly, all of these lung structural and functional abnormalities were corrected by treatment with the glucocorticoid synthesis inhibitor MTP, indicating that hypercorticoidism played a pivotal role in MFR-induced disruption of lung structure and function.
Food deprivation during fetal development stimulates the hypothalamic-pituitary-adrenal axis, causing constituitive hypercorticoidism in the offspring. 5 Among the consequences of elevated corticoids is upregulation of lung 11b-HSD1 expression, 24 which promotes glucocorticoid activity, further exacerbating the hypercorticoid state of the animal. In the present study, we observed similar increases in protein expression of both 11b-HSD1 and 2 in type II cells, as indicated by prominent 11b-HSD1 and 2 staining in the corners of the alveoli on immunostaining for these proteins ( Figure 3D) ; however, because the activities of these enzymes are antagonistic, their net contribution to the MFR lung phenotype is indeterminate. Yet, it is clear that the overall glucocorticoid effect was deleterious, given the normalization of alveolar number and septal thickness by MTP.
It has been previously shown that exposure of the developing fetus to excess glucocorticoid in utero and after birth inhibits alveolarization 9, [25] [26] [27] in association with decreased surfactant production. 10 In our initial study of the effects of MFR on rat lung development, 10 we had also observed decreased alveolar number and septal thickening between birth and 9 months of age in association with decreases in PTHrP and PPARg expression, which regulates surfactant production. Since we normalized the SP-B and SP-C levels of GAPDH protein levels and surfactant phospholipid synthesis (choline incorporation into DSPC) to protein levels, decreased surfactant synthesis (SP-B and SP-C by both Western blotting and immunostaining and de novo DSPC synthesis by choline incorporation), it suggests that there is not only alveolar reduction but also dysfunctional type II cells in the MFR group and normalization in the MTP-treated group. On one hand, surfactant deficiency per se could have caused alveolar simplification and septal thickening. 28 On the other hand, chronic excess glucocorticoid exposure could have inhibited saccularization prenatally and alveolarization postnatally. 9, 10, [25] [26] [27] The interactions between these effectors of lung development are complex, and their roles in MFR remain to be further elucidated. From the studies included here, although the mechanisms underlying altered surfactant synthesis in later life following IUGR and exposure to elevated glucocorticoids prenatally can only be speculated, both of these scenarios are known to exert longterm organizational effects during specific ''windows'' of development, [29] [30] [31] which can lead to altered surfactant regulation possibly due to general and/or tissue-specific changes in the expression of key genes regulating surfactant expression. Furthermore, although in this study we did not include an MTP-only treated group, that is, without MFR, parenteral MTP administration (45 mg/kg/dose twice daily) during the last 3 days of rat gestation is known to delay fetal lung maturation and decrease postnatal survival. 32 Although in this study we used only female offspring in the study design, MTP is likely to also block MFR-related effects on lung development in males since glucocorticoids are known to affect lung maturation in both males and females, although at different rates, 33 but this remains to be tested. However, it is important to point out that in our initial studies, we did not observe any genderspecific effects of either MFR or MTP treatment on offspring lung phenotype, morphologically, and molecularly, when males and females were examined, at postnatal day 21, separately; although this does not rule out gender-specific effects at later time points, the present study was restricted only to females. In this context, although it should be borne in mind that both endogenous 17 and exogenous 16 glucocorticoids affect the gender difference in the rate of lung development only before birth. Figure 5 . Effect of maternal food restriction (MFR) and metyrapone (MTP) treatment on lung lipid programming genes. Maternal food restriction inhibited aP2 at 5 months of age, which was normalized by MTP, but increased the expression of PPARg and SREBP; MTP tended to normalize SREBP but did not affect PPARg. *P < .05 versus control group and # P < .05 versus MFR group; N ¼ 4. PPARg indicates peroxisome proliferator-activated receptor g; SREBP, sterol regulatory element-binding protein.
